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Abstract 
This study introduces an experimental work carried out in multi-pass laser welding with cold filler wire and laser-arc hybrid welding 
of thick section austenitic stainless steel. As it has been demonstrated earlier, hybrid and cold wire welding with a keyhole-mode 
can offer very efficient way to produce multi-pass welds in narrow gap thick section joints. However, when multi-pass welding is 
applied to one pass per layer method without e.g. scanning or defocusing, the used groove width needs to be very narrow in order 
to ensure the proper melting of groove side walls and thus to avoid lack of fusion/cold-run defects. As a consequence of the narrow 
groove, particularly in thick section joints, the accessibility of an arc torch or a wire nozzle into the very bottom of a groove in root 
pass welding can be considerably restricted. In an alternative approach described in this paper, a power density of a laser beam spot 
was purposely dispersed by using a defocusing technique. In groove filling experiments, a power density of defocused laser beam 
was kept in the range, which led the welding process towards to conduction limited regime and thus enabled to achieve broader 
weld cross-sections. The object was to study the feasibility of defocusing as a way to fill and bridge wider groove geometries than 
what can be welded with focused keyhole-mode welding with filler addition. The paper covers the results of multi-pass welding of 
up to 60 mm thick joints with single side preparations. 
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1. Introduction 
Laser welding is generally considered as a high energy density welding process, in which an ability to use a keyhole 
welding is exploited. In order to bring e.g. a steel alloy locally in the vapour phase for keyhole welding, the power 
density of laser beam at the surface of the work piece must be risen to the magnitude of 106 W/cm2 or greater. This 
keyhole laser welding mode is also normally applied in hybrid or cold wire welding process, which results to a narrow, 
pinhead looking weld bead, where typical keyhole weld features like high depth/width ratio can be detected. It has 
been demonstrated in the previous studies of e.g. Arata et al. (1986), Jokinen et al. (2003), Rethmeier et al. (2009), 
Phaoniam et al. (2013) and Zhang (2013), that hybrid or cold/hot wire welding with keyhole mode can offer a very 
efficient way to produce multi-pass welds in very narrow gap thick section joints. In the alternative approach described 
in this paper, the used groove configurations (especially width of the groove gaps) were resembled like those used in 
conventional narrow gap arc welding processes (e.g. NG-TIG). One driving force for testing wider groove geometries 
was targeting to improve especially the accessibility and clearance of an arc torch or a wire nozzle in the case of root 
pass and lower passes welding of thick joints (~ 60mm). When the successful groove filling in above mentioned 
groove configurations is aimed, a keyhole mode welding alone cannot be used in filling runs, because gap widths are 
too wide to be bridged. Under the circumstances, a laser part (in terms of power density of the beam at the work piece) 
as well as filler wire feeding rate and welding speed has to be tuned in hybrid or cold wire process such that much 
wider weld beads can be produced. Therefore, it was decided to disperse a power density of a laser beam spot 
purposely by using defocusing and in that way bring the welding process towards or inside the conduction limited 
regime. 
 
Nomenclature 
NG-TIG  narrow gap – tungsten inert gas 
PL   laser power  
F  focal point position 
vw  welding speed 
vf  filler wire feeding speed 
MIG  metal inert gas 
LF  lack of fusion 
2. Experimental 
2.1. Materials and test specimens 
Base materials used in the experiments were austenitic stainless steel alloys with the different plate thickness 
between 10mm and 60mm as follows: AlloyX, PL=10mm, AISI 316L-A, PL=20mm, AISI316L-B, PL=60mm. Test 
specimens for the welding tests were rectangular pieces of 150 mm in width and 300 mm in length. Required groove 
geometries were made using machining and joints are prepared with tack welds in both ends and at the middle in order 
to achieve demanded joint configuration. Filler materials used were diam. Ø 1.0 mm ESAB OK Autrod 316LSi and 
diam. Ø 0.8 mm ESAB OK Autrod 308LSi stainless steel filler wires. The exact chemical compositions of the base 
and filler materials are given in Table 1. 
 
 
 
 
 
 
 
 Miikka Karhu and Veli Kujanpää /  Physics Procedia  78 ( 2015 )  53 – 64 55
Table 1. Chemical compositions of the used base and filler materials. 
Element weight-% C Si Mn P S Cr Ni Mo N Cu Ti+Ta 
Alloy X 0.026 0.30 1.49 0.030 0.001 22.0 5.8 3.09 - 0.16 < 0.01 
AISI 316L-A 0.024 0.37 1.70 0.020 0.0002 17.6 12.3 2.43 0.07 0.01 < 0.01 
AISI 316L-B 0.025 0.36 1.70 0.021 0.0001 17.6 12.2 2.41 0.07 0.01 < 0.01 
Autrod 316LSi 0.020 0.80 1.80 0.018 0.011 18.4 12.2 2.50 0.06 0.09 - 
Autrod 308LSi 0.020 0.90 1.00 0.020 0.010 19.7 10.7 0.04 - 0.03 - 
2.2. Welding equipment 
Welding experiments were performed by using a combination of Nd:YAG laser and GMAW/cold wire-process. 
The laser used in trials was HAAS-LASER GmbH model HL 3006 D with Ø 0.6 mm optical fiber beam delivery 
system. The laser has a maximum output power of 3 kW at the surface of a work piece. The full power of 3 kW was 
used in all experiments. Used lens focusing optic gives a 200 mm focal length, 6.12 degree focusing angle and can 
provide a spot diameter of 0.6 mm in the focal point. The laser system enables a beam parameter product of 25 
mm*mrad. GMAW machine used in the hybrid and cold wire purpose was KEMPPI Pro 5200 equipped with ProMIG 
501 unit. KUKA KR 15 robot was used in order to execute required welding movements. Self-tailored hybrid welding 
head was mounted in the wrist flange of KUKA-robot, Figure 1. 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
Fig. 1. Welding set-up showing general arrangement used in the welding experiment. 
2.3. Experimental procedure 
In order to get basic knowledge how different set of defocusing values affect  the cross-section of the produced 
weld bead, welding experiments were started with preliminary bead-on-plate defocusing tests. This gave a suggestive 
guideline which was then applied in the further welding experiments, where gap filling of different groove widths was 
studied.  
Groove gap filling experiments were executed in such a way that austenitic stainless steel test pieces with different 
plate thickness (10-60 mm) and groove gap openings were welded in the flat position and with utilizing laser-arc 
hybrid welding and also partly laser welding with cold filler wire.  Evaluations of test welds were made using visual 
inspection and a light microscopy as well. Selected test welds were cut transversally into the specimens for 
metallographic preparation. During the preparation, the specimens were ground, polished and electrolytically etched 
(10% aqueous oxalic acid, 30V/2A/40s) in order to reveal macro- and microscopic weld cross-sectional appearances.     
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3. Results and discussion 
3.1. Bead-on-plate defocusing tests 
Bead-on-plate experiments give informative guideline how the use of different beam defocusing values affect the 
mode of heat transfer (keyhole vs. conduction limited) into work piece and the shape of emerging weld cross-section. 
This knowledge is applied to further gap filling experiments in the later chapter. 
The series of bead-on-plate melt runs were carried out using a 3 kW Nd:YAG laser power, a 200 mm focal optic 
and different focal position adjustments. Only the use of positive (F=0…+60) defocusing values which were set above 
the surface of the test piece were considered because the 200 mm focal length was used and it was decided that it will 
be better not to bring welding optic too close to the surface of the test piece and weld pool which would be the case if 
negative defocusing values would be used. In this particular case, above procedure enables multi-pass filling also near 
to root portion of up to 60 mm thick joint and get a welding optic further off from occasional spatters coming from 
the weld pool zone. 
Figure 2 shows the macro cross-sections from the bead-on-plate defocusing trials where series of melt runs were 
autogenously laser welded in 10 mm thick AlloyX austenitic stainless steel plates using 3 kW laser power at the 
welding speed of 0.4 m/min, argon shielding gas and seven different (F=0…+60)  focal position adjustments. 
 
      
a) F=±0 b) F=+10 c) F=+20 d) F=+30 e) F=+40 f) F=+50 g) F=+60 
Fig. 2. Cross sections of bead on plate melt runs in austenitic stainless steel, autogenously welded with Nd:YAG laser and different focal 
positions. Laser power: 3 kW and welding speed: 0.4 m/min. 
For a plain comparison purposes, the size of beam spot in diameter was assessed by using data geometry of beam 
measurement. Moreover, theoretical power densities for different focal position adjustments were estimated with 
simplified manner where e.g. reflections, scattering and attenuation etc. was omitted. The recap of above-mentioned 
contemplation is presented in Table 2. 
 
Table 2. Diameters of laser beam spot and theoretical power densities at different focal positions using a 200 mm focal length optic and a 3 kW 
laser power. 
Melt run Focal position [mm] Diameter of beam spot (note 1) [mm] Power density  (note 2) [W/cm2 ] 
a) ± 0 Ø 0.6 ~ 1.06 x 106 
b) + 10 ~ Ø 1.7 ~ 1.32 x 105 
c) + 20 ~ Ø 2.7 ~ 5.24 x 104 
d) + 30 ~ Ø 3.8 ~ 2.65 x 104 
e) + 40 ~ Ø 4.9 ~ 1.59 x 104 
f) + 50 ~ Ø 5.9 ~ 1.10 x 104 
g) + 60 ~ Ø 7.0 ~ 0.78 x 104 
Note 1: In case of a) Ø 0.6 mm spot diameter is the measured value of a focus monitor. Diameter values from b) 
to g) are calculated, approx. values. 
Note 2: Calculated with simplified manner, using a theoretical laser power value of 3 kW (reflections, scattering 
and attenuation is omitted). 
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As the shapes of the weld cross-sections in Figure 2 and the scale of power densities with different focal adjustment 
given in Table 2 are being evaluated, it can be noticed that in the cases of a) and b) power density of laser beam at the 
work piece has been high enough to produce a keyhole-mode. That is corresponding with the theoretical power density 
values of 1.06 x 106 W/cm2 and 1.32 x 105 W/cm2, which are listed in Table 2. Onwards the cross-section c), where  
focal positions of  +20 mm and greater are used, the welding process is starting to turn from keyhole-mode into the 
conduction limited mode, while power density is decreasing at the level, where vaporization of material is not 
sufficient enough to sustain or even produce keyhole vapour channel. Above mentioned can be detected from the 
cross-sectional features starting from the melt run c) and continuing towards the melt run g), as the penetration 
becomes shallower and depth/width ratio decreases. As for examples, the depth/width (d/w) ratio of weld cross-section 
produced using F=0 focusing in case a) is determined to be d/w ~ 4, whereas in the case c) and f) which were strongly 
defocused (F=+20…+50), d/w is ~ 1 and ~ 0.1, respectively.  This tendency of cross sectional weld features is in well 
accordance with the assessment of theoretical power densities which are calculated to be at the magnitude of 106 
W/cm2 in the case a) and 104 W/cm2 in the cases from c) to g), Table 2. In Figure 2e) and onwards, the features of 
weld cross-sections are pronounced looked like produced by conduction limited mode as a protruding peak which can 
be barely noticed at the center of weld bottom in the case e) are faded away in the case f) and g).  
In order to demonstrate the effect of welding synergy when a defocused laser beam welding and a gas metal arc 
process is combined into a laser-arc hybrid process, set of  bead-on-plate trials were executed. Figure 3 presents an 
example of cross-sections of a separate melt runs from plain (3a) Metal Inert Gas (MIG) and (3b) defocused laser 
welding and also when preceding separate process are combined into a (3c) laser-arc hybrid process. 
 
 
a) MIG b) LASER c) HYBRID 
vw = 0.4 m/min; vf = 12 m/min 
U = 22 V ; A = 120 A 
PL = 3 kW ; vw= 0.4 m/min 
F = +40 
Parameter combination of a) + b) 
Fig. 3. Macro cross-sections of bead-on-plate welds produced by a) MIG process alone, b) defocused autogenously laser process and c) combined 
laser-arc hybrid process of a) + b). 
 
In used hybrid process, an arc torch is applied in leading position. As arc is melting the surface of the work piece 
in advance, that could in some extent assist defocused laser beam in terms of advanced beam absorption at the work 
piece and vice versa laser beam can provide a hot spot for enhanced arc ignition. The influence of above mentioned 
synergy effects on the shape of the hybrid weld bead can be seen when cross-sections a), b) and c) in Figure 3 are 
evaluated: Even though a laser beam is strongly defocused, the penetration in the hybrid weld is a bit deeper (MIG 
and laser = 2 mm vs. hybrid = 3.4 mm) and the shape of penetration is more evenly distributed on lateral regions of 
the weld bead than in MIG or laser weld bead. 
 
3.2. Gap filling experiments with 10 mm thick test pieces 
The idea of gap filling experiments with 10 mm test pieces was to demonstrate the parameters needed and the 
ability to fill thicker plates (20 and 60 mm). Therefore the sizes of the tested gap width were chosen to emulate 
corresponding gap widths which will occur in the case of 60 mm thick joint configuration. 
 +    = 
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Experiments started with welding of 10 mm thick test pieces using a keyhole-mode hybrid welding in root pass 
and conduction limited hybrid welding in filling pass. The used set-up of laser–arc/filler wire interactions is presented 
in Figure 4. Base material used in these tests was AlloyX and filler metal was Autrod 308LSi wire in 0.8 mm diameter. 
In this series of conduction limited hybrid welding experiments the main interest was laid on the feasibility to bridge 
and fill grooves with gap widths up to near 11 mm.  The used groove geometries consisted of open joint preparations 
with a 1 mm root gap, a 5 mm root face and different upper square gap opening widths between 6.8 and 10.8 mm, 
Figure 5. 
 
 
a) Set-up for root pass b) Set-up for filling passes 
Fig. 4. Set-up used in welding tests: a) Key-hole mode in welding of root pass and b) Conduction limited mode in welding of filling passes. F 
number (e.g. 0, +10…+60) indicates focal point position. 
 
 
 
 
 
 
 
 
 
 
Fig. 5. The groove geometry used in the experiments with 10 mm thick test pieces. Varied gap widths were between 6.8mm and 10.8 mm. 
 
Once operating inside conduction limited welding regime, the beam spot size should be adjusted with defocusing 
such that the beam spot is a bit smaller than the gap of the groove. By doing so, the access of the beam path down to 
the groove bottom is ensured. On the other hand, to avoid a lack of fusion between the weld bead and the fusion faces, 
the beam spot should not be too small-sized compared to the gap width to be welded, because melting effect towards 
fusion faces could be then remained too low or even non-existent if the heat of the beam will not properly reach the 
side walls of the groove, although an arc melting effect is also present and contributes in hybrid welding.  
The first test weld B2 (Figure 6a) was welded in nearly 7 mm wide gap. In this case a defocusing value of + 40 
mm, which gave a beam spot diameter of ~ 4.9 mm was applied. The macro cross-section (Figure 6a) shows that the 
welding heat has reached the side walls of the groove and also the volume of filler wire feeding respect to the groove 
volume has been sufficient as the filling pass exhibits a bit concave surface.  In test weld B4, where a gap width to be 
bridged was increased to 9 mm, the diameter of beam spot was enlarged by increasing the defocusing value to the 
value of +50 mm, which corresponds roughly a beam spot diameter of ~ 5.9 mm. Welding speed used earlier in the 
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test weld B2, was reduced from 0.5 m/min to 0.3 m/min and the filler wire feeding was tuned a bit higher to 
accommodate the grown groove volume in the case of weld B4. Judging from the macro cross-section of test weld B4 
in Figure 6b, the elevated defocusing value of +50 mm combined with the proper amount of wire feeding and welding 
speed is successfully applied to the groove. As contemplating the test weld B5, it was welded into the groove which 
had 10.8 mm gap width. Welding speed was kept in 0.3 m/min but filler wire feeding was tuned a bit higher to 
accommodate grown groove volume in the case of weld B5. In order to get the fusion faces of wider groove melted, 
the spot size of the beam was enlarged from ~5.9 mm to ~7 mm by enhancing defocusing from value F=+50 mm to  
F=+60 mm. It can be seen from the macro cross-section of Figure 6c that the welding heat has reached the side walls 
of the groove and even gap width of 10.8 mm can be successfully bridged and filled using defocusing technique. 
 
 
a) 
 
b) 
 
c) 
Parameters for filling pass: 
F= +40 mm 
PL = 3 kW ; vw= 0.5 m/min 
vf= 16 m/min → 23.8V/129A 
F= +50 mm  
PL = 3 kW ; vw= 0.3 m/min 
vf= 17 m/min → 25.3V/137A 
F= +60 mm 
PL = 3 kW ; vw= 0.3 m/min 
vf= 18 m/min → 25.9V/142A 
Fig. 6. Macro cross-sections from the defocusing trials applied to laser-arc hybrid welding of different groove gaps. 
 
3.3. Gap filling experiments with 20 mm thick test pieces using multi-pass cold wire and hybrid process 
In the case of laser welding with filler wire, wire is introduced as a solid form into the laser induced weld pool. As 
the wire is entering into the interaction zone of the laser impingement point, a part of laser power is reflected away 
from the wire and a certain part is absorbed into the wire causing wire heating and melting. In addition to above, a 
part of power of laser beam is also consumed to the heating and melting of the base material. As compared laser 
welding with filler wire (cold wire) to laser-arc hybrid welding, melting of filler wire is taken place in a bit different 
way: Before entering into the laser induced weld pool zone, filler wire is already melted by the arc source and it is 
introduced into the weld pool in molten spray of droplet form. That is why the melting efficiency in laser-arc hybrid 
welding is far better than in laser welding with filler wire. 
Some bead-on-plate welding trials on AISI 316L-A plate were carried out in order to get suggestive data what kind 
of the effect different defocusing settings of laser beam has on the melting capacity of filler wire and the emerging 
width of weld bead. In the trials the filler wire was guided through the same GMA-torch which will be used in hybrid 
trials, only a grounding cable shoe was disconnected from the fastening table to enable the use cold wire welding. In 
the above case of laser welding with filler wire, the trials demonstrated the limits for the maximum filler wire feeding 
for five focal position variants. It came evident that as the level of focal position was enhanced, the power density of 
laser beam was decreased and the corresponding maximum wire feeding rate was decreased as well. If maximum wire 
feeding rates were exceeded, melting behaviour started to fluctuate causing spatters and uneven weld surface because 
the melting capability of laser beam was not enough as the limit was reached. The used focal point position variants 
and corresponding maximum wire feeding rates and widths of the produced weld beads are presented in Table 3. 
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Next, it was prepared a couple of 20 mm thick test specimens which had groove geometries with different gap 
width in order to test limits for groove filling capability in case of defocused multi pass cold wire welding. The groove 
geometries and corresponding weld cross-sections can be seen in Figure 7. 
 
Table 3. The results of filler wire melting capability trials concerning laser welding with filler wire. 
 
Focal position 
 [mm] 
Max. filler wire feeding 
rate [m/min] 
Width of melted weld bead 
[mm] 
+ 10 
+ 20 
 
5.5 
3.5 
2.6 
3.3 
+ 30 
+ 40 
+ 50 
 
3.0 
2.5 
2.0 
5.3 
6.3 
7.2 
Laser power: PL = 3 kW; Focal length: FL = 200 mm; Welding speed: vw= 0.3 m/min; Filler 
wire: Autrod 316LSi, Ø 1.0 mm 
 
 
 
 
 
 
a) b) c) d) 
Parameters for root pass: PL=3kW, F=0, vw=0.5 m/min, vf= 1.6 m/min 
Parameters for filling passes (total of 6 filling pass):  
PL=3 kW, F=+10…+20, vw=0.5 m/min, vf= 3.5…5 
m/min 
Parameters for filling passes (total of 16 filling pass):  
PL=3kW, F=+40, vw=0.3 m/min,  vf= 2.5 m/min 
Fig. 7. Groove geometries used in cold filler wire multi pass tests and corresponding weld macro cross-sections. 
As can be judged from the weld macro cross-section of the Figure 7b, the groove geometry with 3…4 mm wide 
gap depicted in Figure 7a was successfully filled when the total of 7 filling passes were needed. Because the welding 
of 60 mm joint thickness range was considered as a final target, this 20 mm part depicted in Figure 7a/b was anticipated 
to deploy for welding of the first 1/3 bottom portion of 60 mm thickness if it will turn out that a hybrid welding torch 
cannot be fitted and deployed near the bottom of the groove portion. Above stems from the fact that in cold wire 
welding up to ~40 mm wire stick-out/electrode extension can be used whereas in hybrid welding wire stick-out needs 
to be less than 20 mm to ascertain fluent arc behaviour. When concerning the welding results of wider groove 
configuration shown in Figure 7c, it came obvious already during the welding that the used groove geometry was far 
too wide in this case for laser welding with cold filler wire. As it can be seen in Figure 7d, a severe lack of fusion 
defects can be noticed all the way on the left side of the fusion face. Lack of fusion is caused from insufficient melting 
of fusion face of the groove. Because of the wide groove, laser beam spot is forced to be widened in order to try to get 
also groove faces melted. A larger beam spot with the focal point position value of F=+40 leads to a decreased power 
density which in side deteriorates the melting capacity when applied in laser welding with cold filler wire. As a 
consequence, groove filling was left poor because low filler wire feeding rate (~2.5 m/min) could be used. A total of 
17 passes had to be made in order to fill whole 20 mm thickness. 
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In defocusing trials with hybrid process, the defocusing value of F=+50 mm was tried at first. The cross-section 
of multi-pass weld in Figure 8b showed that filling of 9…11 mm wide groove geometry (Fig. 8a) was successfully 
carried out with root pass and five filling passes. The following trial was made using ~3 mm wider groove (Fig. 8c) 
compared to the former one: The first three filling passed were made using the defocusing value of F=+50 mm and 
the then continued with F=+60 mm for the last three filling passes.  In this case the groove geometry was too wide to 
be completely melted, Fig. 8d. Using the current laser-arc hybrid set-up, the limit of bridgeable groove width lies 
around the value of 11 mm.  A total of 7 passes (root pass + 6 filling pass) were made in order to fill the whole 20 mm 
thickness. When the results of defocusing trials are compared between the laser cold wire and laser-arc hybrid process, 
it can be judged that when using hybrid welding where filler metal are pre-melted via an arc torch, a much wider 
groove than in laser welding with cold filler wire can be used. 
 
 
 
 
 
a) b) c) d) 
Parameters for root pass: PL=3kW, F=0, vw =1.4 m/min, vf = 12 m/min (29.5V/198A) 
Parameters for filling passes (total of 5 filling 
pass):  
PL=3 kW, F=+50, vw=0.4 m/min, vf= 12.4 m/min 
(~30.4-30.6V/168-184A) 
Parameters for filling passes (total of 6 filling pass):  
PL=3kW, F=+50…+60, vw=0.4 m/min,  vf= 10-15 m/min 
(~32.6-35.8V/166-238A) 
Fig. 8. Groove geometries used in laser-arc hybrid multi-pass tests and corresponding weld macro cross-sections. 
3.4. Gap filling experiments with 60 mm thick test pieces using multi-pass cold wire and hybrid process 
The final welding trials of the defocusing experiments were dedicated to filling tests of 60 mm thick groove 
geometries. The first approach was to use a procedure which deploys laser welding with filler wire for the first ~1/3 
thickness of 60 mm and then continues with using laser-arc hybrid welding to fill the remaining ~2/3 of joint thickness. 
Welding parameters were adopted from the preliminary welding trials described earlier. As narrow gap joint thickness 
grows up to 60 mm, the used bevel angle has to be maintained as small as possible to avoid excessive width of groove 
opening at the surface side of test piece. At first, it was decided to use the groove geometry with both inner bevel 
angle of 2 degrees and upper bevel angle of 4 degrees, Figure 10a. When a narrow gap welding procedure is used, the 
challenge which will come up is how to introduce the filler wire into the very bottom of the groove. In practice, this 
means that a wire feeding nozzle or an arc torch has to be extremely narrow in order to fit near the bottom of the 
narrow groove. Especially, when the arc-source is used, electrode extension length has to be kept less than 20 mm 
(Figure 9b) in order to maintain smooth molten metal transition and robust welding process. That is why at the first 
trial, it was decided to use cold wire laser welding without an arc-source in welding of the first 25 mm of the groove 
thickness. In the cold wire method the length of the wire extension from the tip of the wire nozzle was set to 40 mm 
(Figure 9a). When contemplating the cross-sectional macrograph of multi-pass welds B22 and B23 (Figure10b and 
10c), it can be noticed that filling passes have successfully filled the groove and overlapped enough each other. In the 
weld B22, ten cold wire filling passes were first produced using the defocusing value of F=+20, 3.5 m/min wire 
feeding (316LSi wire) and 0.5 m/min welding speed. For the upper groove filling of weld B22, nine laser-arc hybrid 
welded passes were needed. The used defocusing values were F=+30…+50, whereas wire feeding was 13…19.5 
 LF 
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m/min and welding speed 0.6 m/min. A total of 20 passes including the root pass were needed to fill 60 mm thickness. 
In the weld B23, a total of eight cold wire filling passes were first produced using the defocusing value of F=+20…+30, 
3…3.5 m/min wire feeding and 0.35 m/min welding speed. After cold wire passes, six laser-arc hybrid passes were 
made for the rest upper groove region. Eventually, a total of 15 passes including the root pass were needed to fill 
whole 60 mm thickness of the multi-pass weld B23. 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
Fig. 9. a) Configuration for laser welding with cold filler wire in filling of lower 25mm portion. b) Configuration for laser-arc hybrid welding of 
upper 35 mm portion. 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
Fig. 10. a) Groove geometry used in gap filling multi-pass tests: both cold wire and laser-arc hybrid method was used as described in Fig. 9. b/c) 
The corresponding weld macro cross-sections of multi-pass weld B22 and B23. d) Micrographs from the weld B23 exhibiting solidification 
cracking propagating in primary austenitic solidified region. 
 
 
During welding, it was noticed that solidification cracking occurred in three laser-arc hybrid filling passes in multi-
pass weld B22. Those cracks were located in the passes which were approximately in the middle of the whole groove 
thickness of 60 mm. Cracking was clearly detected visually as the cracks were propagated to the surface of the pass 
and located longitudinally at the weld centre line. In Figure 11, it can be seen a picture taken from the hot crack before 
the next filling pass was continued. On the other hand, when cross-sectional macrograph of completed multi-pass 
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weld B22 is observed, hot cracks seem to be healed by re-melting of a consequent overlapping filling pass. When 
microstructures were studied in the test weld B23, it was found also a solidification crack emerging in cold wire 
welded pass: It can be seen that the major portion of the weld microstructure has been solidified in primary ferritic 
mode and the crack path is propagated in the primary austenitic solidified island located at the weld centre line, Figure 
10d. The same sort of cracking observations in fast solidified EB-welds has been also reported by Lippold (1985). 
 
 
 
 
 
 
 
Fig. 11. Top view from above of narrow gap groove. A hot crack propagated to the surface of the laser arc-hybrid filling pass during the welding 
of multi-pass weld B22. 
 
As a laser-arc hybrid welding was proved to be a more efficient method in terms of groove filling than a plain laser 
welding with cold wire, it was decided to make couple of trials in which a whole 60 mm deep groove from the root 
up to the capping run was tried to fill using laser-arc hybrid welding. In order to reach the bottom of the groove, a 
special 90 mm long and thin contact nozzle for above trials was prepared. Figure 12a shows the groove geometry used 
for the first hybrid welding trials of 60 mm thick test piece D1. The following range of variable parameters for filling 
passes was used: Focal point position F=+50…+60 mm, welding speed 0.4 m/min, filler wire feeding rate 12…23.5 
m/min (U=25…31.2V/I=166…230V). In weld D1 total of 15 passes were needed. That is 5 passes less than in the 
case of test weld B22. When examining the cross-sectional macrograph of weld D1 in Figure 12b, it can be noticed 
that lack of fusion defects occur on the both side of groove fusion face. In this case groove geometry was too wide to 
be completely melted. To get groove fusion faces properly melted, it is decided to modify a little bit the existing 
groove geometry. In this new groove configuration (Figure 12c), the width of the groove at the very bottom of the 
groove was decreased to the value of 4 mm, enabling a bit narrower groove cross-section at the lower area than used 
in the earlier groove version.  This new improved configuration chosen to be deployed in test piece E2 is practically 
the narrowest possible, which just allows access for the used contact electrode nozzle to the near bottom of the groove. 
Welding parameters were a little bit adjusted from the test weld D1 such a way that welding speed for the filling passes 
was a bit decreased and filler wire feeding rate was adjusted accordingly. In addition, at the each pass the diameter of 
laser beam spot size was tried to adjust according to the concurrent width of the groove by using defocusing of laser 
beam. The following range of variable parameters was used: Focal point position F=+35…+65 mm, welding speed 
0.25…0.35 m/min, filler wire feeding rate 9…15 m/min (U=27…32V / I=177…240V). The macrograph of produced 
multi-pass test weld E2 can be seen in Figure 12d. In multi-pass weld E2, total of 10 passes were needed to fill the 
whole joint thickness of 60 mm. When examining the cross-sectional macrograph of multi-pass weld E2, it can be 
noticed that fusion between the filling passes and the groove edges are complete. This confirms the significance of 
correctly adjusted defocusing and a diameter of laser beam spot size respect to the width of the groove. In the case 
where bevelled Y-shape groove is used, the size of the laser beam spot diameter has to be gradually increased in each 
filling pass. In order to secure the side wall fusion, the diameter of laser beam spot size needs to be adjusted by 
defocusing near the same as the width of the current groove. 
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Fig. 12. a/c) Groove geometries used in the gap filling of entire laser-arc hybrid multi-pass tests, b/d) the corresponding weld macro cross-
sections of multi-pass weld D1 and E2. The white arrows are pointing the lack of fusion defects in weld D1. A total of 15 and 10 laser-arc hybrid 
passes were needed in D1 and E2, respectively. 
4. Conclusions 
Series of conduction limited welding tests for austenitic stainless steel joints were carried out using a combination 
of 3 kW Nd:YAG laser and MIG/cold wire welding process. In this conduction limited process variation, a size and 
power density of a laser beam spot was purposely dispersed by using a defocusing technique. The experiments 
demonstrated that by using the described defocusing technique and conduction limited hybrid method in welding of 
filling passes even a gap width of near 11 mm can be bridged and filled. In order to avoid lack of fusion defects 
between the filling passes and groove sides, the size of the laser beam spot should be properly set to respect with the 
groove width to be welded. A narrow gap configuration set special requirements to contact/wire feeding nozzle 
because of limited space. Especially, the bottom portion of a deep groove is challenging to reach in the case of an arc. 
In that sense, a laser welding with cold filler wire without an arc in root pass and couple of consequent filling passes 
will enable easier operation in narrow groove because wire stick-out could be risen up to 40 mm. Contrary to laser-
arc hybrid welding wire stick-out should not exceed 20 mm. Results showed that the groove filling efficiency is much 
better when using laser-arc hybrid welding than in laser welding with cold filler wire. Extra heat source of GMAW 
enables wire melting before it enters to the laser induced melt pool. When using laser welding with cold filler wire for 
the first 20-25 mm weld thickness and then laser-arc hybrid welding for the rest upper 35-40 mm thickness, a total of 
15 to 20 passes was needed to complete the 60 mm thick multi-pass weld. As laser-arc hybrid multi-pass welding was 
used alone, it was managed to fill 60 mm thick joint with 10 passes. In metallurgical point of view the combination of 
base and filler material used in the welding experiments was found to be susceptible to weld solidification cracking. 
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